We study the habitability of the two 1-2 Earth-mass planets, recently detected by the CARMENES collaboration, around the ultra-cool nearby M dwarf Teegarden's Star. With orbital periods of 4.9 and 11.4 days, both planets are likely to be within the Habitable Zone and tidally locked. They are among the most Earth-like exoplanets yet discovered. Applying an analytic habitability model we find that surface liquid water could be present on both planets for a wide range of atmospheric properties, which makes them attractive targets for bio-signature searches. The prospects of the planets retaining such an atmosphere over their history are discussed.
INTRODUCTION
The CARMENES collaboration has recently announced (Zechmeister et al. 2019 , hereafter Z19) the detection of two planet candidates, each with 1.1-2.0 M ⊕ mass, orbiting the ultra-cool (M7V) nearby (3.83 pc) Teegarden's Star (hereafter TG). Assuming the estimated host's mass of 0.089 ± 0.009 M , their periods, 4.91 d and 11.4 d, correspond to an orbital distance of 0.025 and 0.044 AU, ±3 %, respectively. At these distances, with the estimated host's age of > 8 Gy (Z19), both planets are most probably tidally locked (e.g., Griessmeier et al. 2009 ).
We investigate the habitability of the exoplanets Teegarden's Star b and c (hereafter TGb and TGc, respectively), and their potential to have an atmosphere that would support surface liquid water, using an atmospheric habitability model for locked planets (Wandel 2018, hereafter W18) . We derive the dependence of the surface temperature of the planets on circulation and greenhouse heating, as well as their habitability regime in the atmospheric parameter space.
HABITABILITY RANGES FOR THE PLANETS OF TEEGARDEN'S STAR

Surface temperature distribution
Following W18 we define the dimensionless heating factor H which is a measure of the surface heating that combines the albedo (A), the atmospheric screening (α), and the greenhouse factor (H g ).
where s = S/S ⊕ is the insolation relative to Earth. The product (1 − A)H g α = H atm is defined as the atmospheric heating factor. H g is also related to the atmospheric optical depth in the lower wavelength band (IR) by H g ≈ τ LW +1. Typical values of the heating parameter for the Solar System are: H ∼ 1 (Earth), ∼ 0.3 (Mars) and ∼ 50 (Venus). For a locked planet the surface temperature distribution can be calculated for each "latitude" (angular distance from the sub-stellar point) by equating the local heating and cooling. This is combined with the global heat distribution, described by a parameter f , which is related to the atmospheric circulation and varies between f = 0 (no heat distribution) and f = 1 (full distribution, leading to an isothermal surface). While rocky planets with no or little atmosphere, like Mercury, have an extremely high day-night temperature contrast, planets with a thick, Venus-like atmosphere tend to be nearly isothermal. Intermediate cases, with up to 10 bar atmospheres, conserve significant surface temperature gradients (e.g., Selsis et al. 2011) . For a locked planet the highest and lowest temperatures occur at the sub-stellar point and at its antipode, respectively. These temperatures can be written as (W18)
T min = 278 (Hf ) 1/4 K, and (2)
(3) Figure 1 shows the surface temperature distribution for the two planets TGb and TGc, for several values of the heating parameter. In the range 0.3 < H < 3 there is a habitable region on some part of the surface of one or both planets. At H = 0.3 TGc has a narrow habitable region at the substellar (permanent day) point, at H = 3 TGb has a narrow habitable region at the substellar antipode (permanent night), and at H = 1 both planets have wide range of habitable latitudes.
Habitability range of the heating factor
The range of temperatures allowing liquid water on at least part of the planet surface could vary between freezing and the minimal moist greenhouse temperature (∼ 340 K) or higher, according to the atmospheric pressure and composition. The results do not strongly depend on this choice (W18), so we take this range as 273K < T < 373 K. This temperature range defines the "habitability range" of the heating parameter. It extends between the lowest value, for which the substellar temperature is 273 K, and the highest value for which the substellar antipode is at 373 K (or ∼ 340 K for a more conservative range). This gives (W18)
Equations 1 and 4 give a relation between the planets distance from the host star (a) and the atmospheric heating factor. For TGs luminosity (0.0007 L ) and f = 0.5 we get 530 a 2 < H atm < 9140 a 2 .
Equation 4 may also be written in terms of the insolation and atmospheric heating,
The corresponding ranges of the atmospheric heating factor can be seen in Fig. 2 , which shows the habitability boundaries of the atmospheric heating vs. the insolation (calculated with TGs luminosity). The bio-habitable ranges for the planets are marked by vertical stripes. For a given insolation, the range corresponding to Eq. 6 is the vertical span between the lines of highest habitable atmospheric heating factor (red curves) and minimal value (blue) for a given value of the redistribution parameter f . Higher f values (more atmospheric circulation causing heat distribution) narrow the range of habitability, as they either make the substellar point of planets at the HZ outskirts too cold, or make the substellar antipode of planets inward of the "traditional" HZ too hot.
The stellar flux on the two planets is S(TGb) ∼ 1.15 S ⊕ and S(TGb) ∼ 0.37 S ⊕ , with an uncertainty of ∼ 10 %. This uncertainty comes mainly from the large systematic uncertainty (of ∼ 10 %) on T eff of the star. Table 1 shows the habitability ranges in H atm for each of the planets for two choices of heat circulation: f = 1 (isothermal surface) and Tmax f = 0.5, TGb f = 0.5, TGc f = 1.0, TGb f = 1.0, TGc 340 K 0.32 − 3.7 1 − 12 0.8 − 1.9 2.5 − 5.8 373 K 0.32 − 5.6 1 − 17 0.8 − 2.8 2.5 − 8.6 f = 0.5, and for two cases of greenhouse limits: optimistic, T max ∼ 373 K, and conservative, ∼ 340 K, corresponding to maximal moist greenhouse runaway (Kasting et al. 1993 ). For T max ∼ 340 K the upper limits will be smaller by a factor of ∼ (340/373) 4 = 0.67. Similarly, a higher value of T max , e.g. 400 K, gives H atm larger by a factor of ∼ 1.43. Even in the conservative case, with the worst case of full circulation, TGb can be habitable for an atmospheric heating of 0.7-1.6 that of Earth, while for TGc the range is 2.2-5.0. In the optimistic case and 50 % heat circulation the habitability range is significantly wider, 0.3-4.8 for TGb and 0.9-15 for TGc. For a lower heat circulation these limits are even wider, as can be seen in Fig. 2 . We conclude that within the model and moderate circulation, at least one of the TG planets may be habitable for an atmospheric heating in the range 0.3-15 that of Earth. Note that with the definition of H atm in W18, Earth's atmospheric heating factor is H atm = 1.15, so to compare with Earth the numbers in Table 1 need to be divided by 1.15.
DISCUSSION
The habitability ranges we have drawn above and the redistribution parameter f assume the planets to have an atmosphere of some kind (unless f=0). However, tidally locked planets in the habitable zone of late M dwarfs are known to have additional challenges on their way to become truly habitable planets. In what follows, we discuss a few of them.
Early atmospheric erosion by wind, flares and XUV flux
It has been argued that the high levels of XUV radiation and stellar winds may cause atmosphere erosion of small HZ planets of late M dwarfs (Lammer et al. 2007; Heller, Leconte and Barnes 2011; Leconte, Wu, Menou and Murray 2015; Lingam and Loeb 2017; Tilley et al. 2019) . For a close-in planet, the planetary magnetic moment is strongly reduced by tidal locking. Hence the planet is not protected by an extended magnetosphere against stellar winds, which, at the small orbital distance of the planet is much denser than at larger orbital distances. Also the XUV stellar flux is contributing to atmospheric erosion. The current XUV fluxes and probably also wind of TG are relatively low, but they were probably higher in the past, when the star was more active for several Gyr. In addition, erosion is much higher during stellar flares, which were more frequent in the younger TG. On the other hand, atmospheric erosion by stellar wind may be inhibited by a planetary magnetic field. Although the magnetic field of old, locked planets like TGb and TGc may be weak (Z19), it has probably been stronger during earlier epochs, when the host star was more active and had stronger winds and outbursts. The tidal locking and hence loss of magnetosphere depends on the planetary composition and is of the order of a few Gyr (Griessmeier et al. 2009 ). Also the evolution of the host, leading to a calming down of the stellar activity is of the same order, depending on the rate of magnetic braking of the star, leading to the stellar spin decay, and hence to lower activity levels. Furthermore, the eroded atmosphere may be compensated by accretion of a secondary atmosphere or outgassing during the later, calmer phases in the hosts evolution, which also last much longer. Additionally, a massive prime atmosphere could survive the extended erosion during the energetic early evolution of M-dwarfs (e.g., Tian, 2009) . As TGb and TGc are more massive than Earth, by up to a factor of ∼ 2, they could potentially have thicker initial atmospheres and possibly also stronger magnetic fields to protect them.
Atmospheric collapse and water trapping on locked planets
Locked or nearly locked planets have been shown to have peculiar climates, which may affect their habitability (e.g., Kopparapu et al. 2016; Checlair et al.2017) . Simulations show that locked or synchronous habitable-zone planets of M-type stars may support liquid water oceans (e.g., Del Genio et al. 2019). This depends not only on the irradiation from the host star, but to a large extent on the planets atmosphere. Global Circulation Models (GCMs) using radiative transfer, turbulence, convection and volatile phase changes can be used to calculate the conditions on planets, given the properties of their atmospheres. Such 3D climate models of M-dwarf planets suggest the presence of liquid water for a variety of atmospheric conditions (e.g., Pierrehumbert 2011; Wordsworth 2015) . Climate modeling studies have shown that an atmosphere only 10 % of the mass of Earth's atmosphere can transport heat from the day side to the night side of tidally locked planets, enough to prevent atmospheric collapse by condensation (Joshi et al. 1997; Tarter et al. 2007; Scalo et al. 2007; Heng and Kopparla 2012) .
On locked planets the water may be trapped on the night side (e.g., Leconte 2013), but on planets with enough water or geothermal heat, part of the water remains liquid (Yang et al. 2014) . Geothermal heating is assumed to be negligible compared to radiative heating, which is likely for TGs planets given their age. 3D GCM simulations of planets in the habitable zone of M-dwarfs support scenarios with surface water and moderate temperatures (Yang et al. 2013 (Yang et al. , 2014 Leconte et al. 2015; Owen and Mohanty 2016; Turbet et al.2016; Kopparapu et al. 2016; Wolf 2017) .
SUMMARY
The planet candidates of Teegarden's Star, TGb and TGc, are likely to support liquid water on at least part of their surface for a wide range of possible atmospheres, characterized by their atmospheric heating factor (product of the greenhouse effect, screening and albedo) and global heat circulation. At least one of the TG planets may be habitable for an atmospheric heating in the range 0.3-15 that of Earth. The planets' mass and the host's age favor the retaining or reproduction of a sufficiently massive atmosphere, with a heating factor within the habitability range.
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